Abstract-For some industrial applications, an accurate estimation of a light source position is needed. That is the case for a heliostat, a device that projects sunlight onto a focus hundreds of meters away from its aiming point. In this paper, we present a novel sensor design for generating an alignment error signal. Included is a detailed study of its response, which shows that certain geometrical design parameters are necessary to achieve desired accuracy. This sensor has been implemented using microelectromechanical system techniques to achieve a robust structure at low cost and it has been successfully applied to sun-tracking systems. Experimental results obtained in field tests are included.
I. INTRODUCTION
T HE USE of renewable energy is fundamental to achieving sustainable development. Specific technologies have been intensively studied during the last decade [1] , [2] . These technologies are now sufficiently mature to be applicable, but in most cases, they are not competitive when compared to conventional energy sources [3] . For that reason, renewable energy plant managers are striving to reduce the manufacturing, installation, and maintenance costs of their plants.
In the case of solar power plants, the performance of these installations strongly depends on the ability of the solar power receivers to track the sun.
Several methods have been proposed for large-scale conversion of solar energy to electricity. On the one hand, there are systems made up of devices that directly transform the sun radiation into electricity, e.g., conventional photovoltaic (PV) or high-concentration PV plants [4] , [5] . The surface of these devices must be perpendicular to the sun radiation to achieve maximum performance [6] ; therefore, direct tracking control should be implemented.
On the other hand, there are solar-concentrating power plants, like the one depicted in Fig. 1 . Large mirrors comprising several facets track the sun's trajectory to reflect its light onto a central absorber. These mirrors, which are called heliostats, are heavy supporting structures with large reflective surfaces, like the one shown in Fig. 2 . These devices rotate with respect to vertical and horizontal axes, namely, azimuth and elevation axes, respectively. The sunlight is projected onto a specific area within the absorber that is hundreds of meters away from the mirror. As a maximum projection error of one quarter of meter is allowable, the positioning angle error must be no more than 1 mrad. In this application, accurate reflective tracking control is needed to guarantee the correct positioning of the ray reflected onto its aiming point in the receiver. Some other applications also require an accurate estimation of the position of an object [7] . For instance, in the absence of the magnetic field of the earth (e.g., in satellite navigation), the position of an object is defined with respect to the position of the sun [8] .
Traditionally, control mechanisms implemented in these tracking devices follow an open-loop scheme because of the lack of sun sensors accurate enough to precisely determine the sun's position, or because of the high cost of such sensors. However, this open-loop control needs to minimize the influence of a series of mechanical error sources: 1) mechanical manufacturing tolerances; 2) mechanical structure deformations; 3) accuracy of the encoders located in the rotation axes; 4) relative positioning errors of the heliostats with respect to the absorber. To reduce these errors, special care should be taken during installation. Periodical maintenance updating error estimation algorithms have also been proposed [9] .
Some sensors' structures have been described in the literature and most of them are based on a lens and a quadrant cell solar detector [10] . The sun sensor lens projects an image of the sun onto the detector and produces current in the photodiodes. Although this solution is technically valid, it is not economically feasible because of the size of such a sensor and the difficulties to achieve the precision needed during its fabrication. An attempt to increase the integration of this sensor is suggested in [11] by using a lateral photodiode [12] . In this solution, the carriers generated by the photoelectric effect in the body of the diodes are divided into two currents that are inversely proportional to the distance of the incident ray to the output electrodes. However, when the incident angle is near the center of the sensing surface, it lacks sensitivity.
An alternative to these conventional sensors-a chargecoupled device sensor-has been suggested in [13] , but complex data processing is necessary to obtain high accuracy.
To circumvent all these problems, we present a novel control scheme using a low-cost sun-tracking sensor. All previous implementations were based on macrorealizations, which are expensive to manufacture and difficult to adjust. The sensor proposed here is manufactured using microelectromechanical system (MEMS) technologies. The use of this technology reduces the manufacturing costs of the sensor and significantly increases its accuracy. The proposed structure has a geometrical form factor that inherently provides an amplification of the incident angle signal. Moreover, its easy manufacturing process reduces its cost and makes it suitable for all the applications mentioned previously. This paper is organized as follows: Section II describes the sensor that has been designed using MEMS technologies, including the device modeling and realization. In Section III, a complete control algorithm using this sensor is presented. The application of this controller is detailed in Section IV, and its use in heliostats is discussed, including experimental results. Finally, in Section V, the main conclusions are summarized.
II. INCIDENT ANGLE MICROSENSOR

A. Sensor Principle
The proposed sensor consists of two photodiodes partially covered with a metal shield that has an aperture (see Fig. 3 ). When a light ray falls on the sensor, only a fraction of the area in each photodiode is illuminated. The incident light energy generates a photocurrent that is proportional to the illuminated area in each photodiode. This area depends on the shadow projected over the photodiodes, and therefore on the incident angle of the light ray. The gap between the photodiodes prevents the combination of carriers, and each device acts as a sink for its generated charge, thus significantly improving the sensitivity of the device in comparison to a continuous lateral photodiode.
Another alternative design involves the use of a metal shield to project shadow instead of an aperture. In this case, the operation principle of the sensor is the same and the previous analysis is valid. However, this negative approach has the inconvenience of being more sensitive to indirect radiation.
B. Device Modeling
The calculus of the current generated by the PV effect has been widely studied [14] . The basic parameter that expresses the resulting efficiency of a photodiode is the spectral response S R , which is defined as the ratio of the number of carriers generated to the number of incident photons with wavelength λ. The current density generated
where q is the electron charge, N F (λ) is the number of incident photons per unity area and time, and R is the photon reflection on the semiconductor surface. S R can be deduce by integrating the continuity equation and obtain an expression of the minority carrier concentrations in each region of the photodiode. The total photocurrent can be calculated by integrating that expression over the entire spectral range, i.e., where A is the total illuminated area in the photodiode. Notice that the photocurrent generated is proportional to the incident radiation.
The behavior of the proposed microsensor is determined by the projection of the shadow onto the photodiodes. When the sensor is pointing at the light ray, this projection is perpendicular, and therefore, the illuminated areas in the photodiodes are equal. As the photocurrent generated in each photodiode is proportional to its illuminated area, their current difference is null. When the ray is not perpendicular, there is a deviation in the incident angle θ, as depicted in Fig. 4 (a) and (b). We can determine the angle of the incident ray by measuring the difference between the photocurrents generated.
Let us define the photodiode dimensions L and W s , the separation between the photodiodes W g , the aperture size in the shield W a , and the distance from the cover to the photodiode H. The illuminated area in each photodiode is given by
Using (2), the difference between the photocurrents generated is given by
The incident angle θ can be obtained from (5) as
If we consider a given θ, the current difference increases when using larger L and H. Unfortunately, I 1 − I 2 also depends on the current density and therefore on the total radiation. For this reason, if there is a reduction in the direct sun radiation, e.g., a cloud crossing, it will decrease the error signal. To avoid the interdependence between J L and the angle θ, we will consider normalizing the current difference.
Let us consider the addition of the following generated currents:
It is worth noting that I 1 + I 2 does not depend on the incident angle but is proportional to J L and therefore to the direct radiation. This magnitude can be used to normalize the current difference and make it independent of the direct radiation. If we define the form factor gain G F as
and divide (5) by (7), we obtain a simple expression for the error angle θ. That is,
For small deviations, the current difference I 1 − I 2 becomes proportional to θ. That is,
Notice that G F can be regarded as a geometric amplification factor, because with a larger G F , we obtain a larger error signal.
The current difference is a continuous increasing function of the incident angle until a maximum deviation error occurs when the incident ray reaches the edge of one of the photodiodes. In this situation, one of the photocurrents becomes zero and then
In this expression, it is clear that the maximum incident angle value decreases when G F increases. There is a tradeoff between the sensitivity of the sensor and the maximum deviation angle that can be measured. On one hand, an increase in G F provides a larger sensing range, but on the other hand, it also represents less accuracy. For this reason, the selection of the form factor G F depends on the application to balance its accuracy and range.
Normally, W s and L are designed so that their maximum admissible value has a large output current difference. W g is minimized provided its value guarantees isolation between the photodiodes. W a is also designed to define the largest possible window taking into account the photodiode limits. H is the only parameter that the user can determine to obtain a desired sensitivity or dynamic range. The previous analysis is based on the hypothesis that the shield is perfectly aligned with respect to the photodiodes and shield. If this is not the case, there is an error angle δ e generated by a misalignment e, as it is shown in Fig. 5 . It can be deduced that δ e is related to e by δ e = arctan 
The maximum error angle corresponds to e/H for θ = 0, but with a specific manufacturing MEMS alignment process, e is several orders of magnitude lower than H. For special applications where this deviation error δ e is not tolerated, it can be compensated with an offset adjustment in the electronic conditioning circuitry or using a closed-loop scheme, as will be explained in Section IV.
C. Sensor Topologies 1) Four Quadrant Sensor:
In this scheme, four photodiodes are covered with a common shield. A metal shield was manufactured by patterning a metal layer on a Pyrex wafer. Finally, this shield was glue bonded onto the photodiodes. Fig. 6 shows a top schematic representation of the sensor. The photocurrents have to be added in pairs to obtain an error signal corresponding to the angular deviation in one axis. For instance, according to (6) , the incident angle with respect to axis A 1 is given by
In this way, the influence of the deviation in another axis is cancelled out.
2) Two Independent Axes Sensor: In this scheme, two modules are arranged in perpendicular axes to determine the incident angle, as depicted in Fig. 7 . Each differential sensor is independent from the other, but L a should be large enough to guarantee that a misalignment on one axis does not affect the active area of the other sensor. Special care should be taken in the layout of both sensors so as to avoid any interference between them. 
D. Sensor Implementation
Four quadrant sensor and two independent axes sensor designs were implemented in order to compare their performances. To achieve the desired static response of the sensors previously defined by the applications, their geometrical parameters were calculated. Their resulting values are presented in Table I .
The sensor responses have been experimentally verified under different working conditions for all implementations. A picture of four quadrant sensors in positive and negative schemes is presented in Fig. 8 . The main drawback of the four quadrant topology is that the resulting error signals are coupled, and therefore, a more complicated control strategy is needed.
Two independent differential modules in each axis comprise the final version of the sensor used in the next application. The only design difference between the modules of the same axis is the use of different H values. This way one sensor has greater sensitivity and the other has wider dynamic range. A photograph of the sensor die without the cover is shown in Fig. 9 , where we see in Fig. 9(a) sensors used for fine-tuning Photocells were characterized in laboratory tests using a Solar Simulator, and the illuminated and dark currents generated and measured are plotted in Fig. 10 .
A controller board was designed, which included three blocks, namely: 1) a signal conditioning circuit; 2) a microcontroller; and 3) an H-Bridge that uses relays for the actuation of the geared dc motors installed in the mechanical structures. The board design was based in a distributed network control system for industrial plant automation [15] . The signal conditioning circuit includes a polarization for adding and subtracting circuits (Fig. 11) . These circuits are replicated for every differential module. Differential and instrumentation amplifiers are used in this design. Their gain can be adjusted with a potentiometer to obtain the desired accuracy in the error signal. In addition, other potentiometers are included for offset voltage compensation. These offset potentiometers are also useful to compensate for any geometrical deviation during the sensor installation.
The resulting transfer functions of these circuits are as follows:
The response of the sensor exposed to direct sunlight is presented in Fig. 12 . This oscillogram was captured at noon, which is why the output voltage of the elevation axis voltage is almost constant, whereas that of the azimuth varies according to sun movement. Notice that the azimuth voltage decreases more than 100 mV in 22.5 s, which approximately represents a milliradian displacement of the sun, thus providing a sufficient signal resolution for an accurate angle positioning system.
The sensor outputs are digitalized and filtered using an MCORE MMC2107 microcontroller, which will also implement the control algorithm. The sample rate is 1 kHz with 10-bit resolution. A low-band 75th-order digital filter FIR was used, with a bandstop 0.005 of Nyquist frequency. An example of the filter response is shown in Fig. 13 .
III. CONTROL SYSTEM
The sensor implemented allows high-quality error signals for sun tracking when the sun radiation is above a certain minimum value; however, there are other situations (for example, when there are clouds) in which specific control actuation has to be commanded [16] . As was explained in a previous section, the differential current generated depends on the sun's radiation. Thus, the presence of a cloud changes the sensor output signal, and the microcontroller could interpret incorrectly that the sun is moving. Thus, a controller program was implemented and its simplified state diagram is presented in Fig. 14. A Bang Bang control algorithm in each axis, which was named Sun_Tracking, was selected for normal operation mode. The value of the error signal is compared with two threshold values. When the sensor voltage is below the minimum threshold, the electric motor of the corresponding axis is activated until the signal is above the maximum threshold. These thresholds define a hysteresis band where no actuation is commanded. The threshold values can be adjusted to achieve the accuracy needed for a specific application.
The aforementioned mode is valid when the incident radiation value is significant. However, on a cloudy day, the direct radiation measured with the addition of photocurrents will be below an adaptive level when a cloud blocks the direct sunlight, so the controller will shift to the Cloud_Algorithm. In this mode, the controller repeats the last on/off duty cycle of the dc motor activations recorded during the Sun_Tracking mode. These activations extrapolate the behavior of the system during the last sunny period. If the controller is in Cloud_Algorithm mode for more than 10 min or the sun radiation is above a certain value, it switches to Sun_Search, a mode that waits for an increase in sun radiation and then updates the system according to the new sun position using the wide range sensors. The Sun_Search mode is also necessary in other situations, such as daybreak.
Finally, when no radiation is detected, the structure is oriented to the east until it reaches a limit switch and waits for the sunrise. The difference between a cloud crossing and nightfall is the slope of the sensor output signal.
IV. APPLICATION
In order to test the performance of the control system, it was applied to some structures to evaluate the performance of the aforementioned implementation. This control scheme was used for direct sun tracking in PV panels with mirrors [17] . However, in this paper, we focus on its use in heliostats.
In this application, two different control strategies-openloop and closed-loop schemes-are compared in order to outline their differences. These control schemes are applied to a heliostat that is controlled to reflect the energy from the sun to an absorber that is on top of a tower.
In the open-loop control (see Fig. 15 ), the local position of the sun is estimated using a set of equations [18] and then the control algorithm calculates the exact position of the mirror based on the relative position of the heliostat with respect to the concentrator.
In this open-loop scheme, a robust pedestal and mechanicalgeared drive are needed to minimize the deviation caused by the mirror weight and wind loads. In addition, very limited tolerances are allowed in the mechanical transmission chain to achieve a high pointing precision. Notice that the last two design requirements are antagonist, which lead to expensive mechanical structures. Furthermore, the installation requires very precise initial positioning with regard to the concentrating tower, and some periodic maintenance is necessary to calibrate the controller and compensate for any misalignment.
In the closed-loop feedback control, as depicted in Fig. 16 , an incident angle sensor is located in the path between the heliostat and the concentrator to provide a feedback control signal. In this scheme, the sensor analyzes the reflected ray and provides an error signal generated by the misaligned orientation of the reflective surface. As the sensor is analyzing the incident angle of the reflected ray, all deviations previously described in the open-loop scheme are overcome and then the mechanical design specifications of the structure are largely relaxed.
A geometrical interpretation of the sensor behavior can be obtained in Fig. 17 . The sensor placed in front of the mirror directly receives the light from a virtual reflected sun image. When the reflected ray is misaligned, a rotation angle θ in the mirror produces a shift in the virtual sun image and the same change in the incident angle of the reflected ray. This provides a mechanism to guarantee a correct reflected ray orientation. From the sensor's point of view, a rotation of the mirror is interpreted as a displacement of the mirrored sun. The error signal generated by the sensor can be used to rotate the mirror to align the sun with respect to the absorber.
This approach requires the sensor to be precisely positioned only once during its installation. This can be easily done either with a movable mechanical support or with an electronic offset adjustment. The sensor is calibrated using a sunray from the heliostat while the controller is in Sun_Tracking mode. The sensor is then adjusted in both axes to project the reflected sunray onto the absorber. Using this procedure, we eliminate any geometry deviation that may occur during the manufacturing and installation of the sensor.
The desired precision was achieved for this application, and only one problem was detected when the reflection of the sunray changed from one facet to another. This problem was solved by placing some sensors working in parallel and by including a comparison strategy in their error signals.
The proposed algorithm was successfully tested under different conditions (during sunny and cloudy days). Some experimental results are shown in Fig. 18 . In (a), the azimuth differential voltage signal is plotted when working in Sun_Tracking mode. The saw-like waveform corresponds to the sequence of updating movements of this axis. A position update occurs approximately every 20 s, which corresponds to less than 1 mrad in sun movement. The upper limit voltage indicates the maximum tolerated error and defines the instant when the dc motor starts moving. Notice that the inertia of the structure forces its movement and it justifies the different voltages when the structure stops. In Fig. 18(b) , the direct sun-radiation signal voltage is almost constant, and its small deviation takes place because of the variation of the direct radiation caused by a light mist. The last plot in Fig. 18 represents the variation of the direct sun-radiation signal voltage during a cloud crossing. This change switches the controller from the Sun_Tracking mode to the Cloud_Algorithm mode and vice versa.
V. CONCLUSION
A novel sensor design to accurately determine the incident angle of radiation using MEMS technology has been presented. This structure consists of a set of photodiodes that are covered with a metal shield that projects a shadow over them. A detailed study of the sensor was developed, and it is worth noting that the distance from the aperture to the sensor can be regarded as a gain factor in the position sensor. As a result, a desired sensibility can be achieved by placing the aperture a sufficiently far distance from the photodiode. Other design parameters guarantee robustness against noise and fabrication tolerances. This design and its manufacturing process are patent protected [19] .
A complete control algorithm was developed using this sensor. This algorithm can be used to precisely determine the position of a light source and this property has been tested in several applications, e.g., in direct tracking of PV panels and indirect control of the heliostat. In both cases, the results confirm the validity of the controller and point to a reduction in the installation and maintenance cost of these plants. The proposed control algorithm represents an important improvement in comparison with other tracking systems [20] .
The use of MEMS techniques allows for a low cost and very accurate realization of this sensor. A commercial version of this device is currently being developed, including a signal conditioning circuit, an analog-to-digital converter, and an embedded microcontroller to provide a fully integrated digital system for sun-tracking applications.
